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RAINOUT STUDIES 
AT LAWRENCE LIVERMORE LABORATORY 


Abstract 


The study of rainout has received 
additional impetus from recent investiga­ 
tions of the impact of collateral damage 
upon tactical nuclear operations. 
Addi­ 
tional research is going forward at 
Lawrence Livermore Laboratory to pro­ 
vide an improved technical basis for the 
assessment of rainout. 
The project is 
designed to develop improved under­ 
standing of the basic physical interactions 
that control the processes and to assess 
more rigorously the potential hazards to 
man. 
Aspects of the work described in 


this report include n micropnysical 
description of p r e c i p i t a t i o n 
sca­ 
venging of the nuclear debris aerosol, 
progress in the numerical modeling 
of natural cloud systems and their 
interactions with nuclear debris aerosols, 
and investigations of possible means 
of controlling the rainout-removal pro­ 
cess. 
This ,s an interim report; it is 
expected that continuing research over 
the next six months will permit a more 
precise basis for analysis of the 
phenomenon. 


the tactical nuclear stockpile', high-yield 
weapons can carry nuclear debris above 
the altitudes conducive to precipitation 
scavenging. 
The potential exposure to man from 
low-yield free-air bursts was assessed 
in UCRL-51164. 
The major conclusion 
was that the hazard of close-in exposure 
from these bursts could be appreciable 
if scavenging by precipitation occurred. 
If the entire vertical integral of radio­ 
activity contained in a nuclear debris 
cloud were brought down, then the 
potential infinite whole-body exposure va 
distance from ground zero would be that 
approximated in Fig. 1. 
For example. 


Introdu 


In a tactical nuclear conflict, the 
delayed radiation effects of close-in 
fallout would present complications from 
the viewpoint of collateral damage. 
Significant dry fallout can be avoided by 
exclusive use of free-air bursts, but wet 
deposition from precipitation scavenging 
of nuclear debris clouds is predictable, if 
at all, only shortly before the burst. The 
extent and location of the rainout radia­ 
tion field would depend upon the timing 
and nature of the interaction of the debris 
cloud with the natural precipitation- 
scavenging environment. 
It turns out 
that rainout is a particular concern with 
the low-yield weapons characteristic of 


Introduction 


Distance Prom ground zero — km 
Fig. 1. 
Vertical integral (infinite whole-body exposure) due to gross gamma radiation 
as a function of distance from ground zero. 
The upper curve for each yield 
represents the case of slow horizontal diffusion; the lower curve represents 
the case of fast diffusion. 
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rninout of tin- radioactivity within the 
debris cloud of a l-kt nil- i.ur.ii could re 
suit at 100 km downwind in infinite wholc- 
hody doses of lOOil H and higher. 
Further 
work, published in I"CrU.-Si:<2!! (IP721." 
substantiated this previous assessment: 
however, major uncertainties remain in 
understanding the physical bases for 
rainout processes as well as in deter­ 
mining the frequency of occurrence of the 
conditions that would lead to radiation 
hazard by the rainout proiess. 


Kalnout is not a newly discovered 
phenomenon, but its study lias received 


additional impetus from recent invosti- 
gnfions of tin- impact of collateral damage 
upon tactical •r.iclear operations, Addi­ 
tional research is coing forward at this 
Laboratory to provide an tp-r.roved 
teebnical basis fcr tne rainout assess­ 
ment. 
This work, fur.ded by the Defense 
Nuclear Agency and supplemented in part 
by the Laboratory's Whitney Program, is 
summarized herein. 
The protect is 
designed t" develop improved understand­ 
ing of the basic ph)steal interactions con­ 
trolling the processes and to assess more 
rigorously the potential harards to man. 


Microphysical Description of Precipitation Scavenging 


Aerosol particles are removed from 
the atmosphere by different processes 
depending on their size. 
Particles larger 
than about I um can be scavenged In­ 
direct impaction with raindrops. 
This 
inertial capture process is the primary 
removal mechanism '.or washout or below - 
cloud scuvenging, the washout efficiency 
being a function of particle S'/.e. 


Kor rainout or in-clcud scavenging, 
othe,- processed must be considered in 
addition to inertial capture. 
Aerosol 
particles with perfectly wettable surfaces 
and radii greater than 0.1 urn can serve 


as nucleation sites for the formation of 
cloud droplets. 
Soluble particles with 
radii as small as 0.01 /jm can be nucleated 
in clouds. 
According to arguments by 
3 
Fietcher 
and experimental results by 
Twomey, 
an insoluble particle whose 
surface departs from complete wettability, 
i. e., for which the contact angle is greater 
than say 6 deg, cannot serve as a con­ 
densation nucleus at typical • loud super- 


satnrntlons. 
Nucleated particles can !>• 
deposited on the ground either through 
growth to raindrop size ami falling (a 
very rare event) or by growing to sp- ml 
micrometers in radius atul being ac< 
-led 
by a raindro;i. 
Particles of radius less than about 
C.G'-' iim displav considerable Mrowman 
motion under atmospheric conditions, 
allowing them to collide and attach to cloud 
droplets or raindrops. 
This scavenging 
mechanism is directly effective only for 
short times after the particles are formed, 
since, given time, they will readily attach 
to larger debris particles or to natural 
aerosol particles. 
Those particles 
attached to droplets due to Brownian 
capture can be remrved to the ground 
through accretion of the droplet. 


Debris particles trom free-air bursts 
consist mainly of oxides of the principal 
casing materials. 
The various radio­ 
nuclides make u -> a small percentage of 
the total particle mass. 
Indications are 


that debr. 
particles are insoluble in 
v. iter and are wettable due to their large 
surface energy compared to that of water. 
Some of the radionuclides are soluble, 
but it is not clear whether the amount of 
soluble material on the particle surface 
can significantly change the nucleatiot' 
characteristics as suggested by Hicks. 


Indications are that the particle sizes 
resulting from free-air bursts are dis­ 


tributed lognormally and that the mean 
particle size decreases with increasing 
yield. ' 
It appears reasonable to expect 
low-yield air bursts to produce particles 
susceptible to inertial capture and/or 
nucleation scavenging. 
However, higher- 
yield free-air bursts may produce 
particles below the nucleation threshold, 
leaving Brownian scavenging as the 
dominant removal mechanism. 
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Fig. 2. 
Removal coefficient versus particle radius f^i- various rain rates. 
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If we define n(r, t) as the number of 
debris particles of radius r per unit 
volume of air at time t, the rate of re­ 
moval of the particles by rain can be 
written as 


42£J> = - Anlr.O. 
(1) 
at 


Here A represents the removal rate of 
one particle of radius r. 
Assuming that 
inertial capture is the removal mechanism, 
Fig. 2 gives A as a function of r for 
various rain rates. 
Note that A decreases 
rapidly as the particle radius falls below 
about 1 jum. 


If the debris particle can act as a site 
for the droplet formation, it will grow 
by diffusion of water vapor on the surface 
to a radius of about 10 pm in a short 
period of time. 
The removal rate would 
then be given by that for a particle radius 
of 10 fxm on Fig. 2. 
To gain an idea of 
the efficiency of these removal rates, 
assume that the part particles can act as 
efficient condensation nuclei. 
Then, 
using for A in Eq. 1 the removal rate 
corresponding to r = 10 um in Fig. 2, we 
can obtain the fraction of particles re­ 
moved from a volume of air as a function 
of time. 
The results of such a calculation 
are given in Fi[ . 3. 


PARTICLE SIZE DISTRIBUTION 


To improve our estimate of the re­ 
moval rate of debris particles, it is im­ 
portant to know the partirje size 
distribution. 
We have some experimental 
data on debris-particle size distributions 
from past U.S. atmospheric tests, but 
there are few data pertaining to low-yield 
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devices. 
We arc now developing a 
computational capability to calculate the 
particle size distribution of particles 
from low-yield free-air bursts. 
We use 
fairly well known expressions for the 
temperature and the volume as functions 
of time to determine the number of 
particles formed b 
mdensntion and 
then follow the particle growth to deter­ 
mine the final size distribution. 
Early 
results look encouraging. 
If the code 
can be validated against existing experi­ 
mental data, taking into account the event 
detonation conditions, we will have a tool 
to predict particle size distributions for 
stockpile devices or devices in the design 
stage, 


EXPERIMENT 


We are planning to carry out a set of 
experiments this next summer. 
At the 
moment we plan to use two air platforms, 
manned and unmanned. 
The properties 
that we plan to measure are: 


1. 
Particle size distribution and distri­ 
bution of radionuclides as a function of 
particle size. 
As discussed above,knowl­ 
edge of particle size distribution is 
necessary to determine the mechanism 
and the subsequent rate of removal by 
precipitation. 
Since the removal , ates 
are dependent on particle size, one must 
know the amount of radioactivity as a 
function of particle size to determine the 
potential radiation hazard. 


2. Nucleation characteristics. 
Debris 
particles are composed predominantly 
of oxides of the casing material, and when 
first formed they are highly wettable. The 
clean surfaces probably are contaminated 
when exposed to the atmosphere and as a 


Fig. 3. 
Fraction of radioactivity originally in the rain cloud removed versus time for 
various rain rates. 
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result may develop "trying nucleation 
characteristics with time. Also, the soluble 
fission products that attach to the debris 
particle surface during particle formation 
may influence the nuclealion characteristics. 
In the latter stages of fireball develop­ 
ment a visible cloud of water or ice 


The life history of radioactive debris 
injected into the atmosphere is greatly 
altered if the debris enters a region of 
precipitation: the amount of debris de­ 
posited on the ground can be greatly 
enhanced and the vertical distribution Is 
completely changed. 
The two processes 
associated with clouds that are primarily 
responsible for determining the amount 
and distribution of dehris deposited on 
the ground are (1) the microphysical 
process by which airborne debris is 
collected by drops, and (2) the dynamic 
process that transports debris into the 
natural cloud, thus allowing the micro- 
physical interactions ID occur. 
These 
two processes cannot be separated, since 
the integrated effects of the microphysics 
of raindrops, i.e., evaporation, con­ 
densation, drop collisions, melting, and 
freezing, produce the essential driving 
forces for the dynamic situation that 
tenr's toward supersaturation and the 
existence of droplets in unsaturated 
regions. 
Therefore, it is necessary to 
be able to describe the combined action 
of both microphysical and dynamic pr J - 
cesses in order to evaluate the effects of 
precipitation on the scavenging of radio­ 
active debris particles. 
By the use of 
numerical cloud models with an appropri- 


usually forms. 
Any debris particles that 
lc 
participate in this formation of water 
droplets or ice particles probably will be 
good cloud condensation nuclei If the in- 
s. 
duced na'.ural cloud evaporates and the 
particle is then entrained into a rain cloud 
environment. 


ate parameterization of the microphysics, 
it is possible to describe the life cycle of 
convective cells, which produce the great 
majority of the world's rainfall. 
One of the characteristics ot clouds 
that differentiates them from their en­ 
vironment Is the existence of enhanced 
vertical motions. 
The noncloudy atmos­ 
phere seldom has vertical velocities 
greater than a few centimeters per 
second; a typical convectivc cell has up­ 
ward motions of several meters per 
second. 
Convectivc cells are frequently 
observed to develop upward from a small 
cumulus cloud, and they have rathcr 
sharp side boundaries indicating that 
there is little transport across their sides. 
This characteristic of convective clouds 
has led to the (c-i-tnulaUon of a onc- 
dimensional emrainment model of a con­ 
vection cloud in which air is assumed to 
rise vertically from cloud base with only 
a small amount of mixing (entrainment) 
across its sides. 
The one-dimensional 
model cloud is assumed to be made up of 
a stack of cylindrical slabs, all of the 
same thickness AZ. 
The average values 
of the relevant variables, e.g., liquid 
water content, temperature, velocity, 
radius, etc., are evaluated from the 
corresponding equations of motion, energy. 


Cloud Models and Rainout 
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and continuity for each of these slabs, 
giving a vertical profile for each variable. 
The equations can be integrated in time to 
provide a lime-history of the formation, 
growth, and decay of a convective cell. 
The microphysical processes are repre­ 
sented in such a model by terms in the 
continuity equations that describe the pro­ 
duction or destruction of »he appropriate 
phase of water substance because of each 
microphysical interaction. 
The presence 
of radioactive debris has been included 
in this model by adding appropriate 
equations of continuity with the proper 
representation of microphysical inter­ 
actions between debris and droos. 
In 
such n model, debris is drawn in through 
the base of the cloud and a small amount 
of debris is entrained across the horizon­ 
tal boundaries. 
The debris that enters 
the cloud is subiected to the various micro- 
physical scavenging mechanisms, so that 
some of the radioactive particles are 
collected by the rain and brought to the 
ground. 
The enhanced vertical transport of air 
inside clouds makes it possible for the 
vertical distribution of debris inside the 
cloud to differ greatly from that outside 
the cloud. 
Since the air inside the cloud 


Table 1. Ratio of debris inside cloud to 


Initial 
debris 
height <m) 
0 


1340 
1.00 
1740 
1.00 
2140 
1.00 
2440 
1.00 
2840 
1.00 


originated p r i m a r i l y at levels n e a r the 


cloud b a s e , its d e b r i s c o n c e n t r a t i o n ' e n d s 


to be c h a r a c t e r i s t i c of this level. 
If the 


d e b r i s is initially d i s t r i b u t e d in such a 


way that the c o n c e n t r a t i o n is highest in 


the vicinity of the cloud b a s e , the total 


amount of d e b r i s inside the cloud would 


be s e v e r a l t i m e s as l a r g e as that in a 


s i m i l a r volume of a i r outside this cloud. 


In this situation, the potential for hign 


levels of radioactivity on the ground as a 


r e s u l t of p r e c i p i t a t i o n s c a v e n g i n g is en­ 


hanced by the field of mc'.lon of the cloud. 


Of c o u r s e , 
if the d e b r i s is above the cloud 


top it is not subject to p r e c i p i t a t i o n 


s c a v e n g i n g . 
T h e model was run s e v e r a l 


t i m e s with the initial d i s t r i b u t i o n of d e b r i s 


uniform in the horizontal 
and Ciausslan 


in the v e r t i c a l , which has peak c o n c e n t r a ­ 


tion at height H, and a s t a n d a r d deviation 


of 560 m. 
The most relevant r a t i o s 


(Table 1) a r e those at 25 and T>0 min when 


r a i n is falling and scavenging is most 


efficient; they show that when the d e b r i s 


is initially at low levels, the potential 


for scavenging is enhanced, bu 1 when the 


The rain cloud is a s s u m e d to be much 
s m a l l e r in horizontal extent than the 
d e b r i s cloud at the time of interaction. 


d e b r i s outside cloud in s i m i l a r v o l u m e s . 


T i m e (min) 


25 
50 
75 


1.76 
1.F3 
1.51 


1.36 
1.48 
1.34 


0.66 
0.75 
0.97 


0.31 
0.3*; 
0.69 


0.20 
0.21 
0.50 


debris is initially well above cloud base 
(1400 m) the potential for scavenging is 
greatly reduced. 
In addition, current 
knowledge indicates that the most im­ 
portant link in the scavenging process is 
consensation nuclcation, and for con- 
vcctlve clouds this process occurs 
efficiently only in the region of the cloud 
base. 


Work is proceeding on modeling the 
scavenging mecharism so that the 
accumulation of debris on the ground is 
calculated. 
Preliminary results indicate 
(1) that the scavenging is efficient for 
low-level debris, and (2) that the total 
amount of debris deposited by a single 
convective cell on a unit area of ground 
can be several times as large as the 
amount initially in a vertical column of 
unit cross-sectional area directly over­ 
head. 
That is, the cloud can act as a 
mechanism for concentrating debris. 


The one-dimensional model has pro­ 
vided considerable Insight and has in­ 
dicated several important aspects of 
scavenging, but it is a crude model that 
does not adequately describe the dynamic 
state of the atmosphere. 
Consequently, 


If the ratnout mechanism is correctly 
described above, then it may be possible 
to substantially reduce the : ainout coef­ 
ficient (and thus reduce the dose received 
at any given point) by rendering the debris 
particles nonwettable. 
This would be 
done by coating the particles with a water 
repellent surfactant as has been described 
2 
in UCRL-51328. 
Experimental verifica­ 
tion of the mechanism is desirable. 


effort Is being expended to develop two- 
dimensional models of convection with 
scavenging, in order to more completely 
evaluate the interaction between radio­ 
active particles and rnln clouds. 
The 
one-dimensional model cannot adequately 
describe the convergence of air at low 
levels and divergence at high levels that 
is a characteristic of convection; a two- 
dimensionul axlsymmeirl.: model is being 
modified to include scavenging so that 
this part of the process can be evaluated 
more correctly. 
Another very important 
feature of the atmosphere that affects 
precipitation scavenging is changes of 
wind speed (and direction) with height, 
I. e., wind shear. 
Therefore, a two- 
dimensional rectangular model is being 
modified to include scavenging of radio­ 
activity by n cloud growing in an environ­ 
ment with speed shear due to the horizontal 
wine 
In spite of its shortcomings, how­ 
ever, the one-dimensional model does 
provide an adequate and convenient frame­ 
work In which to evaluate the effects of 
various parametcrizations of the scaveng­ 
ing process, and we will continue to use 
it for that purpose. 


The solid particles formed in a nuclear 
detonation are metal oxides in the form 


of crystals or glasses and possibly some 
free metallic particles. 
All such particles 
have large Burface energies compared to 
2 
that of water (73 ergs/em ) (see Table 2). 
Thus, one would expect water to wet and 
8-10 
spread on them " 
and from the 
3 
Fletcher analysis 
all of them would be 
active nucleating agents in a cloud if they 


Controlling the Process 


9- 


were 0.! *im in radius or larger. 
Their 
rates of nucleation can be reduced by the 
addition of low-surfacc-cnergy materials 
that will adsorb onto the particle surfaces 
and lower their surface energies to lews 
than that of water. 
A monolayer of 


pcrfluoro fatty acid on platinum reduces 
11 1 
9 
i t s specific s u r l a c o free ei.ergy 
' 


from about 2 000 ergs, cm" 
to about 


10 e r g s / c m " ; walei should not wet o r 


s p r e a d on p a r t i c l e s so t r e a t e d . 
liven a 


s m a l l d e p a r t u r e from p e r f e c t wettability 


should h i n d e r the nueleation d y n a m i c s . 


Coating n u c l e a r d e b r i s in the a t m o s - 


s p h e r c would involve m c j u r p r o b l e m s in 


t h e d e l i v e r y of the s u r f a c t a n t and in m i x ­ 


ing it with the d e b r i s cloud. 
T h e s e p r o b ­ 


l e m s cannot be a d d r e s s e d until the r e ­ 


q u i r e d c o n c e n t r a t i o n s of the s u r f a c t a n t 


and its physical c h a r a c t e r i s t i c s a r e 


specified. 
This section, t h e r e f o r e , 
d e a l s 


only with t h e s e l e c t i o n and t e s t i n g of 


p o s s i b l e coating m a t e r i a l s . 


Any coating m a t e r i a l s designed for 


a t m o s p h e r i c u s e e i t h e r must ho s t a b l e in 


the p h o t o c h e m i c a l e n v i r o n m e n t of the 


a t m o s p h e r e (for at l e a s t a lew h o u r s ) o r 


m u s t yield p r o d u c t s that a r e t h e m s e l v e s 


good coating m a t e r i a l s 
This condition m a y 


s e r v e to e l i m i n a t e m a n y o r g a n i c c o m p o u n d s . 


Also, the coating m a t e r . a l m u s t be 


sufficiently volatile s o that it can be added 


to the cloud a s a vapor (so that the mixing 


will not be d e t e r m i n e d by the r e l a t i v e l y 


slow p a r t i c l e diffusion p r o c e s s ) . 
This 


e l i m i n a t e s many nonvolatile oils and 


s u g g e s t s that s t a b l e o r g a n i c compounds of 


m o d e r a t e m o l e c u l a r weight (i.e., 100 to 


400) will be likely to provide the m o s t 


r e a s o n a b l e c h o i c e s . 


A selection of compounds with v a p o r 


p r e s s u r e > 1 X 1 0 " 
2 P a U 0 " 
4 T o r r ) at 


T a b l e 2. 
Surface e n e r g i e s of v.irious 
m.-itcri.ils, taken from 
r e f e r ­ 
ence;! cited. 


M a t e r i a Is 
•) it 0 K 
(erg 
c m 
2 ) 
Hef •rence 


Oxides of g e n e r a l formula MO 


MpO 
1090 
13 


F e O 
10 CO 
13 


MnO 
1010 
13 


C a O 
1120 
13 


S r O 
700 
13 


B a O 
004 
13 


BeO 
-• 1420 
13 


CdO 
530 
13 


l,nO 
COO 
13 


P b O 
250 
13 


G e n e r a l 
formula M 
2 0 
3 


» 2 ° 3 
7U.5 
(P 
900" C 
14 


A 
1 2 ° 3 
005 
<£> 1H50 C 
15 


G e n e r a l 
formula MOi 
ro 2 
fi-12 • 20"' 
13 


Z r 0 
2 
000 • 20'" 
13 


T h 0 
2 
530 i 20°; 
13 


SiC) 2 
- BOO 
13 


T i 0 2 
H00 
13 


~2B0 K and with r e a s o n a b l e photochemical 


stability could be made on the b a s i s of 


(1) t h e i r effectiveness in r e n d e r i n g bulk 


s u r f a c e s nonwettable, (2) m e a s u r e m e n t s 


of the effect of s m a l l quantities of t h e s e 


s p e c i e s on the r a t e of growth of synthetic 


l a b o r a t o r y a e r o s o l s ; and (3) t h e i r photo­ 


c h e m i c a l stability a s coatings, 
m e a s u r e d 


on bulk s u r f a c e s and l a b o r a t o r y a e r o s o l s . 


E x p e r i m e n t s on l a b o r a t o r y a J r o s o l s would 


be used a l s o to e s t a b l i s h the c o n c e n t r a t i o n 


of the s u r f a c t a n t n e c e s s a r y to p r o d u c e the 


d e s i r e d 
effect. 
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As was shown by l'"ulk (in Ref. 2), this 
concentration can bo quite low. 
If the heat 
of adsorption is high, the actual mass M 
of material needed to provide a complete 
monolayer on the particles from a device 
is 


M ~ C £ • ( 9 
m w / N - 


C ^ 1 
.1 dt, 
s 
' 


whore t 
is the maximum permissible 
time, t n is the injection time and J 
is the 
flux of additive per unit of aerosol sur­ 
face area. 
This is approximately given 


by 


where C is the surface concentration re- 
s 
quired in molecules per square centimeter, 
W 0 is the mass of the device converted to 
oxides, p is the density of debris particles, 
I —) is the mean reciprocal radius, mw is 
the molecular weight of the additive, and 
N. is Avogadro's number. 
If 


10 15 
W„ 
io 
6g. 
p = 3.5, 


I 


M 


Y C<t) S dt. 


where y is the sticking coefficient (assumed 
equal to unity), C(t) is the concentration 
as a function of time, and S is the mean 
thermal speed of surfactant molecules 
(-10 
cm/sec) • C(t) will be approximately 


©• 2 X 10', and mw = 300, 
<SQ - Alt)) 
—TO1 


then 


M 
1 0 
1 5 X j i . . 2 X 10 
5 


300/(6 X 10 
2 3) -- 2.8 X 10 
4 gor28 kg. 


where V(t) is the volume of the debris 
cloud and Alt) is the flux to the surface 
prior to time t. 
If Alt) is small relative 
to S n, this consideration of fluxes is not 
an important additional constraint, thus 
Alt) will be omitted. 
For a 10-kt device, 


The value of C used here is an upper 
limit; all of the other numbers are 
reasonable estimates, but conservative 
in the sense that they are chosen to give 
high rather than low values for M. 
Let us consider S_ the quantity of 
coating material necessary to provide a 
concentration that, if well mixed with the 
debris cloud, would result in deposition 
of the full monolayer within a reasonable 
period of time. We then have the require­ 
ment that 


V(t) =3.2 X 10 


so that we have 


t 


IB 
-t,3300 
3 
cm 


10 15 s I 


max 
s 0 x i o 


3 . 2 X 1 0 
1 
6 e 
+ 
t / ^ » 
4. 


For t Q = 300 sec and t 
m 
= 3000 s, S Q 
must be approximately 10 
molecules. 
Thus, this constraint is a trivial addition 
to the quantity needed to coat the particles. 
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If the heat of adsorption is not of the 
order of 20 kcnl/molo or larger, desorp- 
tion may be an important process, and it 
becomes necessary to calculate the 
equilibrium concentration ut the surface 
as the product of the flux (an described 
above) and the "sitting time" •>. 


s 
s 


where r is given by 


AH/RT 
T = T 0 e 


= 
1 0 - 1 3 
eAH/RT 


where AH is the heat of adsorption, R is 
the gas constant, and T the temperature. 


This suggests that materials that have 
low vapor pressures or that are 
chemisorbed on oxides should be given the 
most consideration. 
If the quantity neces­ 
sary to coat the natural aeroBol burden at 
a height of ~2 km over regions of potential 
rainout concern is estimated, it would 
appear that such considerations could in­ 
crease the amount of necessary injection 
by a factor of at most 2 to 10. 
Thus if a 
suitable material were to be determined 
and the problems of delivery and mixing 
are not insurmountable, not more than 
about 500 kg of material would be required 
for coating, and perhaps about 50 kg would 
be adequate. 


There are several other possible 
effects of additives on cloud dynamics 
about which little or nothing is known. 


Research into those effects Is needed. It 
should be kepi in mind also that since a 
cloud is a dynamic system, the applica­ 
bility of equilibrium argumonts is some­ 
what questionable and may at times be 
misleading. 
It is probable that the condensation 
and evaporation coefficients of water 
molecules at surfaces of liquid water 
and/or ice can b. nodified by as much as 
a factor of 10 by contaminating the 
surfaces. 
Many different combina­ 


tions of factors are involved in the inter­ 
action between incident water molecules 
and surfaces of water drops and ice 
particles: 


• Specific condensation coefficient. 
• Specific evaporation coefficient, 
• Thermal accommodation coefficient. 
• Momentum accommodation coefficient. 
• Extent of compliance with the cosine 
law for diffuse reflection. 
• Extent the cosine law would obtain 
due to scattering from surface 
irregularities alone. 


Neither the molecular and/or atomic 
interaction mechanisms of wetting nor the 
wetting rates are well understood. 
Elec­ 
trification makes the problem even more 
complex. 
A number of efforts are needed 
to understand the off-equilibrium dynamics 
of clouds. 
Among the simpler experi­ 
ments which might be attempted are 
determinations of the effects of additives 
on aerosol nucleation and growth rates. 
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Conclusion! 


Much work remains to be done to make 
the definitive assessment of the potential 
hazards from rainout. 
It is recognized 
that not all agencies agree on the efficiency 
of the scavenging process and the removal 
rate of debris particles. 
In particular, 


the particle size distribution for nuclear 
clouds in the yield range of interest 
deserves an improved experimental basiB. 
It is expected that work over the next six 
months will provide a more precise basis 
for analysis of the phenomenon. 
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